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Introduction {#sec1}
============

Proper expression of genetic information, as well as the faithful duplication and segregation of genomes during cell division, relies on a number of SMC proteins in eukaryotes ([@bib18], [@bib25], [@bib33], [@bib36]). SMC dimers assemble into SMC-kleisin complexes with a characteristic ring topology, which are thought to co-entrap chromosomal DNA double helices ([@bib13]). Each complex, however, fulfills a unique set of functions, such as sister chromatid cohesion and the regulation of gene expression (Smc1/3 cohesin), chromosome condensation (Smc2/4 condensin), and the repair and disjunction of sister DNA molecules (Smc5/6). To do so, they must capture distinct combinations of genomic DNA segments during or after chromosomal loading. Elucidating the fundamental basis and the specific features of the loading processes is thus pivotal for our understanding of chromosome biology. In many prokaryotes---including those with an artificially minimized genome---normal growth and survival depends on a single SMC complex ([@bib24]). In *Bacillus subtilis* (*Bs*), the Smc-ScpAB complex loads onto the chromosome near the single origin of replication and then moves toward the replication terminus in a manner that concomitantly aligns the two chromosome arms ([@bib14], [@bib34], [@bib43], [@bib47]). Thereby, it gives the bacterial chromosome a distinct shape and promotes the timely individualization of nascent sister chromosomes ([@bib16], [@bib31], [@bib45], [@bib46]). The underlying molecular mechanism, however, remains poorly understood.

The enzymatic core of SMC complexes belongs to the family of ATP-binding cassette (ABC) ATPases, all comprising a pair of nucleotide-binding domains (NBDs), called "head" domains in SMC proteins ([@bib21]). The two NBDs engage upon ATP binding and disengage during ATP hydrolysis to regulate and drive biological processes ([@bib22], [@bib29]). In ABC transporters, engaged and disengaged NBDs stabilize alternative conformations of the associated transmembrane domain, thus allowing access to a substrate-binding pocket first from one side of the membrane and then from the other ([@bib30]). How the NBDs of SMC complexes drive chromosome organization is largely unclear. In the case of SMC proteins, the NBD head connects via an intramolecular coiled coil to a globular hinge dimerization domain, giving rise to SMC homodimers in prokaryotes and SMC heterodimers in eukaryotes ([@bib17]). The binding of the head domains to opposite ends of a kleisin subunit creates closed tripartite protein complexes for the entrapment of DNA ([@bib8], [@bib13], [@bib49]).

The SMC ATPase regulates chromosomal localization of SMC-kleisin rings ([@bib4], [@bib34], [@bib48]). In *B. subtilis*, a ParB/*parS* nucleoprotein complex recruits Smc toward the replication origin ([@bib14], [@bib43]). Targeting to *parS* requires ATP binding to Smc, as well as Smc head engagement, while ATP hydrolysis is needed for the subsequent release of Smc from *parS* loading sites and its translocation onto flanking DNA in chromatin immunoprecipitation experiments ([@bib34]). While Smc head engagement is crucial for chromosomal targeting, heads are kept mostly disengaged through Smc dimerization at the hinge implying a long-distance communication between hinge and heads ([@bib19], [@bib34]). The Smc coiled coils undergo conformational changes at least near the Smc hinge domain upon DNA and ATP binding ([@bib34], [@bib40]). The coiled coils are thus excellent candidates to mediate the head/hinge communication to define SMC activity on the chromosome. Whether SMC coiled coils are sufficiently rigid to allow for mechanical communication between head and hinge domains, however, is disputed ([@bib9], [@bib11]).

A high-resolution structure of ATP-engaged SMC heads has been solved several years ago, revealing striking similarities to the corresponding parts of ABC transporters ([@bib29]). While distinct architectures of open NBD conformations have been reported for several ABC transporters ([@bib30]), these conformations have remained elusive for SMC complexes. Here, we show by crystallography and cross-linking that the prokaryotic Smc coiled coils are not flexible tethers of hinge and heads. They are rigidly anchored onto each other to form a straight rod-like state of the Smc-ScpAB complex. The Smc rod---with the help of a characteristic non-helical region in the Smc arm---brings together the two head domains. By doing so, the Smc rod prevents the formation of integral ATP-binding pockets by the opposing heads. ATP closure of Smc heads requires wide opening of the Smc coiled coils at the heads, thus strictly coupling Smc head engagement to the opening of the interarm space. Our findings put forward a mechanochemical principle, which can explain active DNA loop extrusion based on recurrent ATP driven reorganization of the Smc complex.

Results {#sec2}
=======

The Smc Coiled Coil Stabilizes the Smc Hinge Dimer {#sec2.1}
--------------------------------------------------

Crystal structures and cross-linking of hinge-proximal SMC coiled coils, as well as electron micrographs, implied that prokaryotic Smc and eukaryotic condensin display a highly defined rod-like architecture ([@bib3], [@bib40]). However, this proposition was recently challenged by AFM imaging, suggesting that yeast condensin Smc2/4 might harbor unusually flexible coiled coils ([@bib11]). To test whether the Smc coiled coil stabilizes bacterial Smc dimers---as expected for rod-shaped dimers but not for dimers with flexible arms---we measured the exchange of subunits in Smc dimers in vitro. We mixed equal amounts of two purified Smc hinge domains, designated as *Bs*SmcH-CC8, harboring R558C and N634C, respectively ([@bib40]). At selected time intervals, we determined the presence of Smc heterodimers by chemical cross-linking of R558C to N634C at the hinge dimer interface. Based on the accumulation of cross-linked dimer over time, we estimated a half-life of about 49 min for the isolated Smc hinge dimer at 37°C ([Figures 1](#fig1){ref-type="fig"}A and 1B). In contrast, little, if any, turnover of subunits was detected even after extended periods of incubation when a Smc hinge domain with long coiled coil, called *Bs*SmcH-CC300, was used ([Figures 1](#fig1){ref-type="fig"}B and 1C). Long Smc arms thus prevent the dissociation of the hinge dimer, possibly by directly associating with one another in a large majority of Smc dimers at any given moment.Figure 1Turnover of Smc Protein Fragments(A) Equimolar mixtures of *Bs*SmcH-CC8(R558C) and *Bs*SmcH-CC8(N634C) were incubated at 37°C and cross-linked by BMOE at indicated time points. Monomer and cross-linked dimer species were analyzed by electrophoresis and Coomassie staining. A representative image from three replicate experiments is shown.(B) Quantification of turnover of *Bs*SmcH-CC8 and *Bs*SmcH-CC300 using an Agilent 2100 Bioanalyzer. Cross-linking efficiency is given as fraction of cross-linked protein to total protein. The data points were fitted to an exponential curve. The half-life is given as mean from three replicate experiments. Its standard error (SE) is denoted.(C) Same as in (A) using *Bs*SmcH-CC300(R558C) and *Bs*SmcH-CC300(N634C) proteins.See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

Mapping the Smc Rod by Cysteine Scanning {#sec2.2}
----------------------------------------

To delineate the architecture of Smc coiled coils in the Smc dimer, we next performed an extensive cysteine cross-linking screen in vivo. Predicated on a symmetric nature of the putative bacterial Smc rod ([Figure 2](#fig2){ref-type="fig"}A), we aimed to identify residues located at the axis of the rod-shaped dimer. These "axial" residues are, per se, positioned in close vicinity of their symmetry mates in the Smc homodimer and should thus allow chemical cross-linking when mutated to cysteine. To do so, we systematically substituted individual amino acids by cysteine and performed thiol-specific cross-linking in intact *B. subtilis* cells. To generate a collection of Smc(Cys) mutants, we targeted the endogenous *smc* locus---harboring an in-frame *smc* deletion---using Halo-tagged *Smc* constructs assembled from Golden Gate fragments ([Figure S2](#mmc1){ref-type="supplementary-material"}A). We selected functional *smc(cys)* alleles by growing transformants on nutrient-rich medium ([@bib16]) and cross-linked cells using the cysteine-reactive compound bis(maleimido)ethane (BMOE). The fraction of cross-linked Smc species was quantified by in-gel detection of fluorescently labeled Smc-HaloTag protein ([Figures S2](#mmc1){ref-type="supplementary-material"}B--S2D) ([@bib8]). In total, we screened 440 aa positions in Smc (excluding heptad "a" and "d" residues) and identified out of these more than 80 residues giving strong cross-linking (\>20% cross-linked dimers). The distribution of these putative axial residues over the length of the Smc coiled coil follows a distinctive pattern ([Figure 2](#fig2){ref-type="fig"}A). In the N-terminal coiled-coil helix, several stretches display efficient cysteine cross-linking: near the Smc hinge domain (residues 466--501), around position 395 (residues 372--419), and around position 300 (residues 266--331). Between these stretches, however, cross-linking of N-terminal residues was virtually undetectable, while selected positions on the corresponding section of the C-terminal α helix displayed robust cross-linking. The striking pattern strongly suggest that the two long Smc coiled coils adopt defined conformations in the Smc-ScpAB holo-complex in vivo. The findings are consistent with a side-by-side alignment of the Smc coiled coil over the length of almost 300 α-helical residues from the Smc hinge (residues 216--501) ([Figure 2](#fig2){ref-type="fig"}A).Figure 2Mapping of the Smc Rod by Cysteine Cross-Linking and Structural Analysis(A) HTP cysteine cross-linking. Schematic representation of the bacterial Smc homodimer (middle). Cross-linking efficiency is given as fraction of cross-linked to total Smc-HaloTag species. For N- and C-terminal Smc(Cys) residues, the data points are displayed on the left and right graphs in light and dark blue colors, respectively. Head and hinge regions are indicated by gray shading. Triangles in light and dark blue colors denote interfaces at N- and C-terminal Smc regions, respectively. A table with corresponding cross-linking efficiencies is available ([Table S4](#mmc2){ref-type="supplementary-material"}).(B) The structure of a middle segment of the *Bs* Smc rod reveals the longitudinal alignment of the Smc coiled coils. Cartoon representation of the structure of the *Bs*SmcCC2 dimer in side view (left). Monomers are displayed in orange and blue colors, respectively. Mapping of in vivo cross-linking efficiency onto *Bs*SmcCC2 in surface representation (right). Residues are color coded according to the cross-linking efficiency given in (A): blue, yellow, orange, and red colors indicate no, low, medium, and high cross-linking efficiency, respectively. Residues colored in gray have not been tested. The identity of selected residues with medium and high cross-link efficiency is denoted. A graph displaying the cross-linking efficiency (from A) relative to the distance of respective Cα atoms in the *Bs*SmcCC2 structure is shown (bottom). For selected residues, data points are denoted and labeled in orange colors. A dashed line indicates the linker length of BMOE plus the length of two cysteine side chains.See also [Figure S2](#mmc1){ref-type="supplementary-material"} and [Table S5](#mmc3){ref-type="supplementary-material"}.

In the head-proximal region of Smc (residues 180--260 and 920--1,010), however, the pattern of cross-linking is more irregular. The structure of the Smc rod thus appears to deviate from a coils/coils alignment ([Figure 2](#fig2){ref-type="fig"}A). Crucially, several residues on the Smc head also cross-link efficiently to their symmetry mates, indicating that the two Smc head domains are frequently juxtaposed in Smc-ScpAB.

The Rod-Shaped Middle Segment of the Smc Coiled Coil {#sec2.3}
----------------------------------------------------

To elucidate the molecular basis for the formation of the Smc rod, we performed crystallographic studies on *Bs* and *Pyrococcus* Smc coiled coils. Several attempts with full-length Smc coiled coils only yielded poorly diffracting crystals. Taking advantage of recently gained knowledge on the register of the *Bs* Smc coiled coil, we thus designed shorter *Bs* Smc fragments ([@bib34], [@bib44]). A structure of a Smc middle segment, designated as *Bs*SmcCC2, comprising residues 246--379 and 793--929 connected via a short linker ([Figure 2](#fig2){ref-type="fig"}A), was solved by crystallography at a resolution of 3.2 Å ([Table S1](#mmc1){ref-type="supplementary-material"}). The *Bs*SmcCC2 monomer comprises two ∼120 residues long α helices (designated as αN1 and αC1) ([Figure S2](#mmc1){ref-type="supplementary-material"}E), whose arrangement presents the knob-into-hole organization of a canonical coiled coil.

The asymmetric unit is formed by two dimers of *Bs*SmcCC2 ([Figure S2](#mmc1){ref-type="supplementary-material"}F). In each dimer, the two molecules are aligned side by side along a pseudo-symmetry axis ([Figure 2](#fig2){ref-type="fig"}B), which is reminiscent of the hinge-proximal Smc rod structure ([@bib40]). In the middle of *Bs*SmcCC2, residues of αN1 located in heptad positions "b," "e," and "f" are involved in the contact between the two coiled coils via charged and hydrophobic side chains. At the top of the structure, residues of αC1 form a similar dimer interface. To establish whether the organization of the *Bs*SmcCC2 dimer in the crystal is compatible with the cysteine cross-linking pattern described above ([Figure 2](#fig2){ref-type="fig"}A), we mapped the cross-linking efficiency onto the *Bs*SmcCC2 structure and plotted it against the corresponding Cα-Cα distances ([Figure 2](#fig2){ref-type="fig"}B, right and bottom panels, respectively). The excellent agreement between the crystal structure and the in vivo cross-linking pattern implies that both datasets faithfully represent the architecture of Smc-ScpAB complexes in vivo.

The Smc Joint---a Head-Proximal Interruption in the Smc Coiled Coil {#sec2.4}
-------------------------------------------------------------------

Next, we solved the crystal structure of a head-proximal Smc segment, named *Bs*SmcCC1, at a resolution of 1.9 Å ([Table S1](#mmc1){ref-type="supplementary-material"}). While the N-terminal α helix αN1 (residues 188--253) is continuous, albeit being considerably bent, the C-terminal part (residues 922--1,011) splits into four separate α helices ([Figure 3](#fig3){ref-type="fig"}A).Figure 3The Organization of the Head-Proximal Smc Joint(A) Structure of *Bs*SmcCC1. Display and color coding as in [Figure 2](#fig2){ref-type="fig"}B. Front and back view are shown on the left and right, respectively.(B) Top view of *Bs*SmcCC1. As in (A).(C) Mapping of the in vivo cross-linking efficiency onto *Bs*SmcCC1. Surface representation of structural views shown in (A). Color coding as in [Figure 2](#fig2){ref-type="fig"}B.(D) Crystal structure of *Py*SmcHd-CC80 shown in cartoon and surface representation on the left and right, respectively. Color coding as in [Figure 2](#fig2){ref-type="fig"}B. Mapping of the *Bs* Smc cross-linking efficiencies onto *Py*SmcHd-CC80 based on sequence alignments shown in [Figure S4](#mmc1){ref-type="supplementary-material"}D. Please note that all cross-linking competent residues are arranged in a line on the surface of the molecule.(E) Model of a *Py*SmcHd-CC80 dimer. Two copies of *Py*SmcHd-CC80 were aligned manually by minimizing the distance between cross-linking residues, thereby producing a tight dimer with little or no steric clashes. Monomers are displayed in cartoon and surface representation. Color coding as in [Figure 2](#fig2){ref-type="fig"}B. The graph displays the cross-linking efficiency of *Bs* Smc(Cys) residues given in [Figure 2](#fig2){ref-type="fig"}A versus the Cα-Cα distance of corresponding residues in the dimer model of *Py*SmcHd-CC80.See also [Figure S3](#mmc1){ref-type="supplementary-material"} and [Table S5](#mmc3){ref-type="supplementary-material"}.

The top and bottom helices αC1 and αC4, respectively, form coiled-coil contacts with the top and bottom segment of αN1 in the *Bs*SmcCC1 structure ([Figure 3](#fig3){ref-type="fig"}A). Helix αC2 lies perpendicular to αN1 to connect helix αC1 with αC3, which is located on the opposite side of αN1 ([Figure 3](#fig3){ref-type="fig"}B). Helix αC3 makes a coiled-coil-like interaction with the middle part of αN1. A short loop joins αC3 to αC4 across αN1.

Overall, *Bs*SmcCC1 folds into a peculiar, elongated structure, where C-terminal sequences form three helix-loop repeats that spirally contact the continuous α helix αN1. We term the coiled-coil interruption "Smc joint," as it connects two straight parts of the Smc protein at a slight angle. A crystal structure of a yeast cohesin Smc3 head (PDB: [4UX3](pdb:4UX3){#intref0010}) overlaps with the bottom part of the *Bs*SmcCC1 structure ([Figure S3](#mmc1){ref-type="supplementary-material"}A) ([@bib13]), showing a highly similar structural organization. Moreover, several loop residues are highly conserved between prokaryotic Smc and cohesin Smc3, implying that the SMC joint is of fundamental importance for SMC function ([Figure S3](#mmc1){ref-type="supplementary-material"}A).

Crystal packing does not involve the formation of a "rod-like" dimer of *Bs*SmcCC1. To establish how two *Bs*SmcCC1 monomers might be arranged within the Smc dimer, we mapped cysteine cross-linking efficiencies onto the structure of *Bs*SmcCC1 ([Figure 3](#fig3){ref-type="fig"}C; [Figure S3](#mmc1){ref-type="supplementary-material"}B). The axial residues are distributed over the entire length of *Bs*SmcCC1 but are excluded from αC2 and its adjacent peptides. Importantly, almost all side chains of these residues point toward the same face of the elongated *Bs*SmcCC1 structure ([Figure 3](#fig3){ref-type="fig"}C) as is expected for an element of a rod-shaped Smc dimer ([Figure S3](#mmc1){ref-type="supplementary-material"}B).

To understand how the Smc joint connects to the Smc head at the end of the Smc rod, we next solved the structure of *Py*SmcHd-CC80, a *Pyrococcus yayanosii* Smc head attached to a long coiled coil that includes the Smc joint ([Figure 3](#fig3){ref-type="fig"}D). The highly elongated structure superimposes well with the *Bs* Smc head (PDB: [3ZGX](pdb:3ZGX){#intref0015}) and the *Bs* Smc joint (*Bs*SmcCC1) ([Figure S3](#mmc1){ref-type="supplementary-material"}C). Based on sequence and structure comparison ([Figures S3](#mmc1){ref-type="supplementary-material"}C and S3D), we mapped the *Bs* Smc cross-linking efficiencies onto *Py*SmcHd-CC80 ([Figure 3](#fig3){ref-type="fig"}D, right). Remarkably, these residues form a straight line on the surface of the molecule, the presumptive 2-fold symmetry axis of the Smc rod. We then manually aligned two *Py*SmcHd-CC80 molecules aiming to minimize the distance between all cross-linkable residues ([Figure 3](#fig3){ref-type="fig"}E). The resulting Smc rod fragment shows an intimate association between the two *Py*SmcHd-CC80 monomers with little steric clashes. While the Cα-Cα distance is relatively large (\>20 Å) for some residues, indicating that the model of the *Py*SmcHd-CC80 dimer is not a perfect representation of the structure of native *Bs* Smc-ScpAB, overall there is excellent alignment of most pairs of experimentally identified *Bs* Smc axial residues.

Reconstruction of Smc Rods {#sec2.5}
--------------------------

Encouraged by the fitting of the *Py*SmcHd-CC80 dimer, we next aimed to obtain a reliable atomic-resolution model for the entire Smc rod. To do so, we first determined the structure of the upper region of the *Py* Smc coiled coil, designated as *Py*SmcCC3, comprising residues 345--468 and 694--814 connected via a SGGS linker ([Table S1](#mmc1){ref-type="supplementary-material"}). The structure refined to 2 Å resolution showed that, while the N-terminal α helix is continuous, the C-terminal helix contains a short non-helical region ([Figure S4](#mmc1){ref-type="supplementary-material"}A). This region (residues 774--779) exhibits barely traceable electron densities, and the opposing portion of the N-terminal helix displays better, but weak, electron densities. Helical wheel analysis and sequence alignment indicate that the non-helical region in *Py* Smc arises from a 2 aa deletion in comparison with other Smc protein, e.g., *Bs* Smc, which completes a heptad repeat in this region ([Figure S4](#mmc1){ref-type="supplementary-material"}A, right). In addition, the N-terminal helix bends noticeably at residue P434, which is unlikely to bear functional importance since P434 is not a conserved residue ([Figure S4](#mmc1){ref-type="supplementary-material"}A).

To reconstruct the entire Smc structure, two copies of *Py*SmcCC3 were superimposed onto the *Pf*SmcH-CC60 structure (RMSD of 0.66 Å for 39 Cα atoms), comprising the *Pf* Smc hinge and its proximal coiled coil (PDB: [4RSJ](pdb:4RSJ){#intref0020}) ([@bib40]), using an overlap between the structures (residues 446--465 and 696--719) ([Figure 4](#fig4){ref-type="fig"}A). Next, we generated a *Pf* version of the homodimeric *Bs*SmcCC2 structure by simple amino acid substitutions taking into account a single amino acid insertion (around residue 290) in the corresponding part of the *Pf* Smc protein ([Figure S4](#mmc1){ref-type="supplementary-material"}B). The dimer was then superimposed and connected to the ends of the above generated dimer and to the ends of two copies of *Py*SmcHd-CC80 using the *Bs*SmcCC1 structure as a guide. Only slight adjustment was necessary at the top of the *Py*SmcHd-CC80 coiled coil to avoid steric crash ([Figure S4](#mmc1){ref-type="supplementary-material"}D).Figure 4Construction of an Archaeal Smc Rod Model(A) Schematic overview and cartoon representation of several Smc coiled-coil crystal structures used for Smc rod reconstruction. *Pf*SmcH-CC60 (PDB: [4RSJ](pdb:4RSJ){#intref0130}) partially overlaps with *Py*SmcCC3 ([Figure S4](#mmc1){ref-type="supplementary-material"}A). *Bs*SmcCC2 was transformed into a *Py* Smc model by sequence substitution. The product overlaps partially with *Py*SmcCC3 at its top and with *Py*SmcHd-CC80 at the bottom. All residue numbers correspond to the *Py* Smc sequence. Color coding as in [Figure 2](#fig2){ref-type="fig"}B.(B) Reconstructed *Py* Smc rod in front and side views. Please note the angle in the otherwise straight Smc arm at the Smc joint (right). Color coding as in [Figure 2](#fig2){ref-type="fig"}B. The dashed line indicates the symmetry axis ("C2") of the Smc rod dimer. Triangles in light and dark blue colors denote interfaces at N- and C-terminal Smc residues, respectively (as in [Figure 2](#fig2){ref-type="fig"}A). The coordinates of full-length Smc are available in supplemental material ([Table S6](#mmc4){ref-type="supplementary-material"}).(C) Mapping of *Bs* Smc cross-linking onto the *Py* Smc rod model. Color coding as in [Figure 2](#fig2){ref-type="fig"}B using *Bs* and *Py* Smc sequence comparisons ([Figures S3](#mmc1){ref-type="supplementary-material"}D and [S4](#mmc1){ref-type="supplementary-material"}C).See also [Figure S4](#mmc1){ref-type="supplementary-material"} and [Tables S5](#mmc3){ref-type="supplementary-material"} and [S6](#mmc4){ref-type="supplementary-material"}.

The reconstituted dimer displays a straight Smc rod with closely juxtaposed coiled coils ([Figure 4](#fig4){ref-type="fig"}B). There is a total of seven contact interfaces between the two coiled coils in the dimer. Up to the 6^th^ coil-coil contact (counting from the hinge), the N- and C-terminal helices alternatingly contact each other with the coiled-coil pitch of ∼170 Å. At the head side, however, this regularity breaks due to the presence of the Smc joint, resulting in an additional contact (7^th^ interface) between both N- and C-terminal segments of the two Smc joints. Importantly, the Smc joint tilts the coiled-coil segments right below it, ∼11° relative to the central axis, resulting in the close juxtaposition of the Smc head domains ([Figure 4](#fig4){ref-type="fig"}B). Without this tilting, steric clashes between the two head domains are unavoidable. Therefore, one critical function of the Smc joint might be to properly orient the head domains (see below). The structure reflects the data of the *Bs* in vivo cysteine cross-linking screen well, as efficiently cross-linked positions are generally found close to the central symmetry axis ([Figure S4](#mmc1){ref-type="supplementary-material"}E). However, the two hinge-proximal stretches of cross-linkable residues in the N-terminal α helix are not perfectly centered on the corresponding contact regions in the archaeal reconstruction ([Figure 4](#fig4){ref-type="fig"}C). This suggests that there might be slight differences in the coiled-coil arrangement between the *Pf*SmcH-CC60 crystal structure and *Bs* Smc-ScpAB holo-complexes in vivo. Nevertheless, our data demonstrate the existence of a structurally well-defined Smc coiled coil, which has likely been maintained in bacteria and archaea, i.e., over a remarkably long period of evolution, thus underscoring its physiological relevance.

Smc Heads Exist in Alternative Dimer States {#sec2.6}
-------------------------------------------

We noticed that all residues on the Smc head domain, which were cross-linked by BMOE when substituted for cysteine ([Figure 2](#fig2){ref-type="fig"}A), map to a relatively small surface area ([Figure 5](#fig5){ref-type="fig"}A). This area overlaps with the ABC signature motif, implying that the signature motifs of the two heads are closely juxtaposed and thus unable to align with their respective ATP-binding pocket.Figure 5Distinct Dimer States of Smc Head Domains(A) Mapping of Smc(Cys) cross-linking onto the *Bs* Smc head (PDB: [3ZGX](pdb:3ZGX){#intref0135}). The N-terminal ScpA fragments is omitted from the view. Color coding as in [Figure 2](#fig2){ref-type="fig"}B. Selected residues displaying efficient cross-linking when mutated to cysteine are marked. In addition, residues of the ABC signature motif and the Walker box motifs are displayed in light and dark green colors, respectively.(B) Crystal structure of *Bs*SmcHd-CC30:ATPγS--ScpA^C^ in surface representation in front (left), top, and bottom views (right). The C-terminal ScpA fragments are omitted from all views. The Cα-Cα distance between pairs of selected residues (in red colors) across the ATP-engaged dimer is given. General color coding as in [Figure 2](#fig2){ref-type="fig"}B. ATPase motif residues are colored as in (A). ATPγS is displayed in spheres in black colors. For size reference, the scale of the cross-linker BMOE is displayed.(C) A model of the *Bs* Smc head domain (PDB: [3ZGX](pdb:3ZGX){#intref0140}) in the rod dimer configuration. The head dimer is constructed by superimposition onto the *Py* Smc rod structure ([Figure 4](#fig4){ref-type="fig"}B) and reflects the cysteine cross-linking data ([Figure 2](#fig2){ref-type="fig"}A) (see also [Figure S5](#mmc1){ref-type="supplementary-material"}D). Display as in (B).(D) In vivo cysteine cross-linking of Smc(Cys) proteins with wild-type and mutant ATPase domains. Cross-linking of S152C, D193C, and K1151C residues in Smc-HaloTag proteins bearing ATP binding (K37I), head engagement (S1090R), ATP hydrolysis (E1118Q), and hinge dimerization interface (G657A, G658A, G662A, G663A; "mH") mutations. In all strains, four endogenous cysteines were substituted for serines ([@bib20]). Cell extracts were labeled with HaloTag-TMR substrate. Smc-HaloTag species were separated by SDS-PAGE and quantified by in-gel fluorescence scanning. Data are represented as mean values and standard deviation from biological replicates (duplicates containing technical triplicates).See also [Figure S5](#mmc1){ref-type="supplementary-material"}, [Table S5](#mmc3){ref-type="supplementary-material"}, and [Movies S1](#mmc7){ref-type="supplementary-material"} and [S2](#mmc8){ref-type="supplementary-material"}.

To better define the structural differences between Smc heads aligned at the end of the Smc rod and those engaged via ATP, we solved another crystal structure: "*Bs*SmcHd-CC30:ATPγS-ScpA^C^" comprising ATPγS bound *Bs* Smc(E1118Q) heads with 30-residue coiled coils associated with the C-terminal winged-helix domain of *Bs* ScpA (ScpA^C^) ([Table S1](#mmc1){ref-type="supplementary-material"}). The arrangement of the two head domains in *Bs*SmcHd-CC30:ATPγS-ScpA^C^ shows a high degree of similarity (RMSD \< 1 Å) with a previously solved structure of an ATP dimer of *Pf* Smc heads lacking coiled coils and ScpA ([@bib29]).

We measured the Cα-Cα distances for S152-S152′ (located on the Smc head) and D193-D193′ (located at the head-proximal coiled coil) on the *Bs*SmcHd-CC30 dimer at 21.7 and 77.0 Å, respectively ([Figure 5](#fig5){ref-type="fig"}B). These large distances are incompatible with their efficient cross-linking by BMOE, implying that cysteine cross-linking takes place on Smc dimers with disengaged heads. If so, then the cross-linking of S152C and D193C should be highly sensitive to changes in the levels of Smc head engagement ([@bib34]). While an ATP-binding mutation (K37I) and a head engagement (S1090R) mutation did not substantially alter S152C-S152C′ and D193C-D193C′ cross-linking, the presence of a Smc ATP hydrolysis mutation (E1118Q) roughly halved cross-linking at both positions ([Figure 5](#fig5){ref-type="fig"}D). When combined with a dimerization-deficient hinge ("mH"), cross-linking is further reduced to about 20% of wild-type levels, presumably due to its destabilizing effect on the Smc rod ([Figure 5](#fig5){ref-type="fig"}D) ([@bib34]). On the contrary, cross-linking of head residue K1151C shows a strong increase in cross-linking in E1118Q and mH-E1118Q, while it is barely detectable in K37I and S1090R ([Figure 5](#fig5){ref-type="fig"}D).

Smc heads must therefore exist in two distinctive dimer states. The ATP-engaged state (PDB: [1XEX](pdb:1XEX){#intref0025}) ([Figure 5](#fig5){ref-type="fig"}B) shows a high degree of similarity to the corresponding conformation of ABC transporters, while the other state likely closely resembles the one shown in the Smc rod model ([Figure 4](#fig4){ref-type="fig"}B). Here, the ABC signature motifs of the two head domains are closely juxtaposed. Engagement of heads within and between Smc dimers is blocked by misalignment of the ATP-binding motifs and by steric occlusion, respectively. To convert the rod-shaped into the ATP-engaged state, we need two operations: the sliding of Smc heads toward each other along an axis connecting the two ATP-binding pockets by about 10 Å and the tilting of one Smc head relative to the other head by about 85° around a similar axis ([Figures 5](#fig5){ref-type="fig"}B and 5C; [Figure S5](#mmc1){ref-type="supplementary-material"}E; [Movies S1](#mmc7){ref-type="supplementary-material"} and [S2](#mmc8){ref-type="supplementary-material"}). Both transformations bring about the dissolution of the Smc rod by positioning the head-proximal Smc coiled coils at a distance.

A Tentative Model for the Ring-like Smc Dimer {#sec2.7}
---------------------------------------------

Finally, we derived a model for the organization of the ATP-engaged state of the Smc dimer. We superimposed two Smc monomers taken from the reconstructed *Pf* Smc rod onto the structures of the ATP-engaged dimer of *Pf* Smc heads. The structure represents an open-arm conformation ([Figure 6](#fig6){ref-type="fig"}A). Intriguingly, while the Smc joint allows Smc heads to juxtapose at the end of the Smc rod, in the head-engaged state, it drives the coiled coils further apart by tilting them away from the symmetry axis ([Figure 6](#fig6){ref-type="fig"}A; [Figure S6](#mmc1){ref-type="supplementary-material"}B). The joint might thus help to propagate rod dissolution from the Smc heads to the hinge domains.Figure 6Opening of the Smc Rod Is a Prerequisite for Chromosomal Targeting(A) Superimposition of two Smc monomers taken from the reconstructed Smc rod ([Figure 4](#fig4){ref-type="fig"}B) with an ATP dimer structure of the *Pf* Smc head (PDB: [1XEX](pdb:1XEX){#intref0145}). Significant bending of the coiled coils is required to generate a closed ring-shaped Smc dimer. The Smc joint bends the Smc coiled coil away from the central symmetry axis by about 11°.(B) ATP engagement of Smc heads in Smc proteins with intact hinge dimers. Smc(EQ)-HaloTag cells with cysteines at the hinge and/or head were cross-linked by BMOE. HaloTag protein was labeled by Halo-TMR and analyzed by SDS-PAGE (left). Smc monomer (a), head-head dimer (b), and hinge-hinge dimer (c) bands are marked. The vertical line denotes additional species appearing in the presence of hinge and head cysteines. These likely represent circular species as well as larger oligomers. Please note that the contrast is enhanced to display low-abundance species in the figure. Quantification of the fraction of Smc protein in the head-head band (b) is shown (right). Mean and standard deviation were calculated from two biological replicates. An analogous experiment with wild-type Smc ATPase in shown is [Figure S6](#mmc1){ref-type="supplementary-material"}C.(C) Double insertion of peptide sequences (in red color) interferes with Smc function. Schematic view (left). Colony formation of strains harboring wild-type Smc, a Smc in-frame deletion ("*Δ*"), or a Smc with peptide insertions ("204Ω/996Ω") at position 204 (residues SGPGGGGGRQVEP) and at position 996 (residues SGPGGGGGRQFER) on nutrient-poor (SMG) and nutrient-rich (ONA) medium.(D) Cellular expression of Smc proteins harboring modified coiled coils. Smc-HaloTag proteins were labeled in crude *Bs* cell extracts by HaloTag-Oregon green and analyzed by in-gel fluorescence. To control for protein extraction, we stained an equivalent protein gel with Coomassie (bottom). "EQ" denotes the Smc(E1118Q) ATP hydrolysis mutation. "Mini-Smc" indicates a non-functional Smc variant with shortened coiled coil (CC293; [@bib9]).(E) In vivo cysteine cross-linking of Smc proteins harboring peptide insertions. Cross-linking of A715C and K1151C residues in Smc-HaloTag proteins bearing peptide insertions at positions 204 and 996. Data generation and display as in [Figure 5](#fig5){ref-type="fig"}D.(F) Chromosome localization of Smc proteins with modified coiled coils. ChIP was performed with an antiserum raised against *Bs* Smc. Selected genomic positions were analyzed by quantitative PCR. The amount of ChIP DNA is given as percentage of input. The mean was calculated from three biological replicates. Data from individual experiments are displayed as dots with white, light gray, and dark gray filling, respectively. The same strains are also used in (D) and (E) and harbor a C-terminal HaloTag and the K1151C mutation. Equivalent results were obtained with a set of strains with untagged Smc and lacking additional Smc mutations ([Figure S6](#mmc1){ref-type="supplementary-material"}D).See also [Figure S6](#mmc1){ref-type="supplementary-material"}.

Wide open coiled-coil arms immediately suggest that hinge domains detach from one another upon head engagement or that significant bending of the coiled coils occurs to generate ring structures instead of open dimers ([Figure S6](#mmc1){ref-type="supplementary-material"}A). To discriminate between the two possibilities, we tested for simultaneous engagement of hinge and head domains using cysteine cross-linking. The introduction of cross-linkable cysteines into the hinge of a strain with a cross-linkable head interface produced additional slowly migrating species of Smc---presumably including covalently closed rings---in wild-type Smc and Smc(EQ) ([Figure 6](#fig6){ref-type="fig"}B; [Figure S6](#mmc1){ref-type="supplementary-material"}C). In addition, the fraction of Smc cross-linked at heads only was significantly reduced in this strain, consistent with a conversion of this species into a double cross-linked form. These results indicate that *Bs* Smc proteins can form hinge domain dimers when the heads are engaged by ATP. However, they do not rule out the possibility that this is an energetically unfavorable process and that a certain, probably very small, fraction of Smc dimers might open the hinge when heads are engaged.

To create a model of ring-shaped Smc dimers, we introduced continuous ∼9° bending over six α-helical turns to the *Pf* Smc coiled coil beyond the Smc joint. Additionally, slight inward tilting of the hinge-proximal coiled coils was used to connect the coiled coils at the hinge ([Figure S6](#mmc1){ref-type="supplementary-material"}A). This model was subjected to energy minimization. The resulting model maintains the α-helical structure with reasonable stereochemistry ([Figure S6](#mmc1){ref-type="supplementary-material"}B). This open-ring conformation fully exposes the positively charged surface at the bottom of the hinge, which is presumed to bind DNA ([@bib20], [@bib40]). Such a ring structure is likely under significant tension due to the rigidity of the Smc coiled coil but is stabilized by the tight hinge-hinge and head-head interactions. If so, then Smc heads likely are rapidly torn apart upon ATP hydrolysis.

Artificial Uncoupling of Smc Head Engagement and Rod Dissolution Blocks Chromosomal Localization {#sec2.8}
------------------------------------------------------------------------------------------------

Targeting of Smc-ScpAB to chromosomal loading sites depends on Smc head engagement, which conceivably supports rod dissolution and thereby allows for ParB/*parS* interactions ([@bib34]). The mechanical dissolution of the Smc rod as proposed above necessitates some level of rigidity in the Smc arm. Loss of arm rigidity may therefore uncouple head engagement from rod dissolution and block targeting of Smc to the chromosome. Consistent with the notion of rigid Smc arms, we recently found, by a random peptide insertion screen, that the arms are particularly sensitive to the insertion of peptide sequences at any position except in parts of the Smc joint domain and at the hinge-proximal end of the coiled coil ([@bib9]). Two such insertions (at residue 394 and 479), however, do not interfere with the initial recruitment of Smc to the chromosome but rather block the downstream event of Smc relocation from *parS* sites ([@bib9]). This suggests that arm rigidity is either dispensable for chromosome targeting or that the two tested peptide insertions do not sufficiently compromise arm rigidity to prevent rod dissolution. To discriminate between these possibilities, we constructed a Smc protein with two peptide insertions: one insertion in each α helix located at corresponding positions between the head and the joint domains ([Figure 6](#fig6){ref-type="fig"}C). The double peptide insertion renders Smc non-functional, but the protein accumulates at near wild-type levels, being indicative of proper protein folding ([Figures 6](#fig6){ref-type="fig"}C and 6D). Notably, the double insertion markedly increases the fraction of Smc(EQ) dimers with engaged Smc head domains ([Figure 6](#fig6){ref-type="fig"}E). The improved efficiency of head engagement in double insertion Smc(EQ), however, does not translate into opening of the Smc rod as measured by cysteine cross-linking of residue A715C located at the arm/arm interface near the Smc hinge ([Figure 6](#fig6){ref-type="fig"}E). These findings support the notion that rigidity in the Smc arm is required for rod dissolution. Importantly, the mutant protein fails to localize to the chromosomal loading site at *parS-359* or to other chromosomal loci as determined by ChIP-qPCR ([Figure 6](#fig6){ref-type="fig"}F; [Figure S6](#mmc1){ref-type="supplementary-material"}D), despite the high levels of head engagement. These results demonstrate that head engagement---albeit being essential---is not sufficient for chromosome targeting and that Smc arm integrity is critical in this process. Together, our results support the view that Smc arms mechanically promote chromosome targeting and relocation using distinct mechanisms: chromosome targeting is relatively robust, only being blocked by a double insertion in the Smc arm ([Figure 6](#fig6){ref-type="fig"}F), while Smc relocation is sensitive to single peptide insertions as well as to illegitimate Smc arm shortening ([@bib9]).

Discussion {#sec3}
==========

Here, we established the overall architecture of the prokaryotic Smc rod and elucidated a conformational switch at the Smc head domains that uses the energy from ATP binding and hydrolysis to drive large-scale transitions between a rod and a ring state. The direct coupling of Smc head engagement and rod dissolution provides a simple means to regulate DNA binding at the distantly located Smc hinge ([@bib40]) and targeting to the chromosomal *parS* loading sites ([@bib34]). Our results offer a first glimpse into the mechanochemical action of SMC proteins and, together with other recent findings, allow us to propose a molecular mechanism for DNA loop extrusion by SMC ([Figure 7](#fig7){ref-type="fig"}).Figure 7A Tentative Model for DNA Loop Extrusion by a Double-Chamber SMC Complex(A) Chromosomal loading. The head-engaged open form of Smc-ScpAB initiates chromosomal DNA transactions by capturing a DNA loop in its DNA pro-chamber, i.e., the Smc interarm space. The loading machinery (in green colors) provides specificity by binding to the open Smc arms. ATP hydrolysis destabilizes the open Smc ring and triggers re-formation of a Smc rod starting from the Smc hinge. Rod formation closes the pro-chamber and pushes DNA into the meta-chamber, i.e., the inter-head/kleisin/kite space.(B) Processive DNA loop extrusion. After successful loading, the subsequent loop capture-merging cycles start with the engagement of the Smc heads to open up the pro-chamber for DNA loading. To drive directional DNA extrusion, the newly captured DNA must be derived from DNA flanking the already captured DNA loop rather than the DNA loop itself. The asymmetry of Smc-ScpAB might ensure the directionality of this step. Upon ATP hydrolysis, the newly captured DNA is then merged with the DNA loop previously loaded into the meta-chamber to generate a larger DNA loop. A related model for DNA translocation of SMC double-ring "handcuff" complexes is shown in [Figure S7](#mmc1){ref-type="supplementary-material"}.See also [Figure S7](#mmc1){ref-type="supplementary-material"}.

Distinct Conformations of SMC-Kleisin Complexes {#sec3.1}
-----------------------------------------------

SMC-kleisin complexes of different types and diverse origins have been visualized as open ring- and closed rod-like structures by electron and atomic force microscopy, often with a clear preference for one or the other form. While others have attributed the perceived structural heterogeneity to an intrinsic flexibility of the SMC coiled coils, we argue here that the prokaryotic Smc complex exists in at least two well-defined conformations with unique features and specific functions. Based on cysteine cross-linking of wild-type and ATPase mutant Smc proteins, we conclude that the prevalent form of Smc-ScpAB in vivo is a straight rod with juxtaposed, but misaligned, Smc head domains, while the more open conformation with engaged Smc heads appears to be rare under normal conditions. The strict functional requirement for ATP hydrolysis implies that the latter must exist at least transiently during the Smc ATPase cycle. It presumably serves as an essential intermediate, which is involved in chromosome targeting ([@bib34]) and possibly also processive relocation.

What might be the functional role of such striking conformational changes? SMC complexes processively move along chromosomal DNA to bring together DNA distantly flanking the loading sites ([@bib34], [@bib47]). Switching between the rod and the ring conformation may drive the extrusion of DNA by SMC complexes via the capture and merging of DNA loops as described below ([Figure 7](#fig7){ref-type="fig"}). Prior to any loop extrusion, SMC complexes must target to rare chromosomal loading sites. To get to these sites, SMC complexes must exhibit high affinity for the recruitment machinery. Release from the loading sites, on the other hand, requires the elimination of a pro-formed and presumably tight interaction. The structural transitions described here might govern the switching between high and low affinity for the loading complex. Consistent with this notion, a segment of the Smc arm is critical for targeting of Smc to *parS* sites ([@bib34]).

A Ring-like Intermediate for DNA Loop Capture {#sec3.2}
---------------------------------------------

In our model of the Smc rod, the Smc protein forms a straight object. When superimposed onto ATP-engaged Smc heads (or the open Smc hinge structure), such Smc proteins give rise to a wide open V-shaped structure ([Figure 6](#fig6){ref-type="fig"}A). If the coiled coils were rigid, then head engagement would require prior opening of the Smc-ScpAB ring by the detachment of the Smc hinge domains ([@bib7], [@bib15]). However, cysteine cross-linking experiments support the notion of simultaneous engagement of hinge and heads within a Smc dimer ([Figure 6](#fig6){ref-type="fig"}B). Thus, opening of the hinge does not seem to be a prerequisite for head engagement. Without hinge opening, significant deformation of the straight Smc protein must occur prior to or during the engagement of Smc head domains. These deformations will presumably lead to a wide open Smc ring structure, which might be ideally suited for the capture of large chromosomal DNA loops, presumably supported by DNA-binding surfaces located at the inner surface of the ring at the hinge and at the head domains ([@bib20], [@bib40], [@bib50]). While we put forward a possible ring structure based on available crystal structures ([Figure S6](#mmc1){ref-type="supplementary-material"}A), the exact nature of the head-engaged ring conformation(s) remain(s) unknown. Rotary-shadowed electron micrographs of purified *Bs* Smc dimers and holo-complexes frequently display ring-like structures with apparently engaged heads and hinges ([@bib27], [@bib28], [@bib32]). In these images, the coiled coils often display kinks rather than continuous bending. Such kinks could either help to dissipate or alternatively amplify strain within the arms. The strain will promote opening of the interarm space and may in addition destabilize the Smc hinge dimer to allow for DNA entry ([@bib7], [@bib15]).

A Rod-Shaped Smc Intermediate for DNA Loop Transfer {#sec3.3}
---------------------------------------------------

We have reconstructed the structure of a rod-shaped prokaryotic Smc dimer from four crystal structures and validated its overall architecture by cross-linking data. The two coiled coils of a Smc dimer are arranged side by side over 330 residues, creating seven contact regions alternatingly located on the N- and C-terminal helices. Together, these contacts probably hinder the dissociation of the Smc hinge observed in vitro ([Figure 1](#fig1){ref-type="fig"}) and contribute to the dimerization of hinge-less or hinge mutant Smc in *Bs* ([@bib34]). At least when kept at high local concentration by the Smc hinge, the two Smc arms are stably anchored onto each other, thus fixing the Smc head domains in a misconfiguration blocking ATP-dependent head engagement.

The high prevalence of the rod-form implies that at least a fraction of chromosomal Smc-ScpAB adopts a rod-like conformation too. Strikingly, chambers large enough to accommodate a DNA double helix are absent in our model of the Smc rod. We imagine that the rod conformation plays a critical role during the processive extrusion of DNA loops by SMC ([@bib9]). The closure of the Smc arms upon ATP hydrolysis may dislodge DNA double helices from the interarm space and push them past the Smc head domains into a chamber formed by the Smc heads and the ScpAB sub-complex. The latter may conceivably be dedicated to the safekeeping of DNA loops ([Figure 7](#fig7){ref-type="fig"}) or DNA double helices ([Figure S7](#mmc1){ref-type="supplementary-material"}). During most of Smc's mechanochemical cycle, the close juxtaposition of the Smc heads may keep this chamber shut to prevent DNA from escaping ([Figure 7](#fig7){ref-type="fig"}). Only during ATP hydrolysis, the head gate may transiently open to allow for the passage of DNA from the interarm pro-chamber to the meta-chamber. The directionality of DNA transport may be determined by rod formation starting from the hinge, but not the heads, possibly explaining the observed tight restrictions on Smc arm length ([@bib9]). Alternating between the capture of new DNA loops and the merging of two pre-existing DNA loops driven by engagement and disengagement of Smc heads can provide a simple means for the stepwise addition of DNA segments to an ever-growing DNA loop ([Figure 7](#fig7){ref-type="fig"}) or for the step-by-step translocation of Smc along a chromosomal DNA double helix ([Figure S7](#mmc1){ref-type="supplementary-material"}). In addition, the entrapment of DNA within a tight channel may prevent DNA tracking motors from slipping through the Smc-ScpAB complex. Thus, their movement along DNA can be harnessed by Smc-ScpAB to further support the DNA extrusion process. The asymmetry of Smc-ScpAB may ensure capture of new DNA segments only from one side of the ring to drive directional DNA transport ([@bib8]).

Implications for Other SMC-Kleisin Complexes {#sec3.4}
--------------------------------------------

It is currently unclear whether all SMC complexes form rod-like structures. In case of condensin in eukaryotes, the evidence supporting the prevalence of rods is solid, being based on several independent experimental approaches (EM, crystallography, cysteine, and lysine cross-linking) ([@bib3], [@bib5], [@bib40]). Cohesin (like Smc-ScpAB) frequently adopts ring-like architectures during rotary-shadowing EM, while negative stain EM images, lysine cross-linking data, and single-molecule experiments are consistent with cohesin rods ([@bib3], [@bib23], [@bib41]). Since Smc-ScpAB is frequently observed in V- or O-shaped configurations by rotary shadowing ([@bib27], [@bib28], [@bib32]), despite appearing to preferentially adopt I-shapes in vivo ([Figure 5](#fig5){ref-type="fig"}), this technique might have an intrinsic bias for open forms of Smc-ScpAB and possibly also cohesin. Recently, the SMC-like Rad50 protein and the Smc5/6 complex have been proposed to form similar rods based on crystal structures of the respective dimerization domains ([@bib2], [@bib35]).

Regardless of any structural details, we propose that all SMC-kleisin complexes harbor two distinct states: an intrinsically favorable conformation, which is incompatible with ATP-dependent head engagement, and a shorter-lived conformation that is stabilized by ATP sandwiching between the two SMC heads. At least in Smc-ScpAB, the latter may capture a new DNA segment, while the former may merge a newly captured DNA segment with a pre-existing DNA loop. Recurrent switching between such states may thereby suffice to drive chromosomal loading and organization in all domains of life. Our work should facilitate related structural and mechanistic studies on other SMC and SMC-like protein complexes.

STAR★Methods {#sec4}
============

Key Resources Table {#sec4.1}
-------------------

REAGENT or RESOURCESOURCEIDENTIFIER**Antibodies**Anti-Smc polyclonal rabbit antibody, affinity purifiedGruber LabCOD008**Chemicals, Peptides, and Recombinant Proteins**Adenosine 5′-\[g-thio\]triphosphateSigma-AldrichCat \#A1388BenzonaseSigma-AldrichCat \#A1014Bis(maleimido)ethane (BMOE)Thermo ScientificCat \#22323Breathe-EasyDiversified BiotechCat \#BEM-1BsaINew England BiolabsCat \#R0535LDynabeads Protein GLife TechnologiesCat \#10004DErythromycinAppliChemCat \#A2275GlycoBlueAmbionCat \#AM9515HaloTag TMR LigandPromegaCat \#G825AHis-Tev proteaseMPIB Core FacilityHis-TevHisTrap 5 mLGE HealthcareCat \#17-5247-01HiTrap Q HPGE HealthcareCat \#17-1153-01HiLoad 16/60 S200GE HealthcareCat \#28989335HiLoad 26/60 S200GE HealthcareCat \#28989336HisPur Cobalt ResinThermo ScientificCat \#89966LincomycinAppliChemCat \#A7697L-SelenomethionineMerckCat \#561505Phusion Hot Start II DNA PolymeraseThermo ScientificCat \#F-549LPhytic acidSigma-AldrichCat \#68388Protease Inhibitor CocktailSigma-AldrichCat \#P8849Ready-Lyse Lysozyme SolutionEpicenterCat \#R1810MRNase ASigma-AldrichCat \#R5125SmDNaseMPIB Core FacilitySmDNaseT4 DNA ligaseThermo ScientificCat \#EL0016**Critical Commercial Assays**MasterBlock 96 well, 2 mLGreiner Bio OneCat \#780270Takyon No ROX SYBR MasterMix blue dTTPEurogentecCat \#UF-NSMT-B0702NucleoFast 96 PCR PlateMacherey NagelCat \#743100.1NuPAGE 4%--12% Bis-Tris GelsLife TechnologiesCat \#NP0323BOXNuPAGE 3%--8% Tris-Acetate GelsLife TechnologiesCat \#EA03755BOXQIAquick PCR Purification KitQIAGENCat \#28106**Deposited Data***Bs*SmcCC2Protein Data BankPDB: [5NNV](pdb:5NNV){#intref0030}*Bs*SmcCC1Protein Data BankPDB: [5NMO](pdb:5NMO){#intref0035}*Py*SmcHd-CC80Protein Data BankPDB: [5XEI](pdb:5XEI){#intref0040}*Py*SmcCC3Protein Data BankPDB: [5XG2](pdb:5XG2){#intref0045}*Bs*SmcHd(EQ)-CC30:ATP-ScpA(C)Protein Data BankPDB: [5XG3](pdb:5XG3){#intref0050}*Pf*SmcHd-CC25-ScpA(C)Protein Data BankPDB: [5XNS](pdb:5XNS){#intref0055}Original dataMendeley Data<http://dx.doi.org/10.17632/c2nmr3yhnp.1>**Experimental Models: Organisms/Strains***E. coli* and *B. subtilis* strains, see [Table S7](#mmc5){ref-type="supplementary-material"}Gruber LabN/A**Oligonucleotides**qPCR primers, see [Table S3](#mmc1){ref-type="supplementary-material"}Gruber LabN/APCR primers for HTP cysteine cross-linking screen, see [Table S4](#mmc2){ref-type="supplementary-material"}This paperN/A**Recombinant DNA**Plasmid DNA, see [Table S8](#mmc6){ref-type="supplementary-material"}Gruber LabN/A**Software and Algorithms**SHELX[@bib39]<http://shelx.uni-ac.gwdg.de/SHELX/>XDS[@bib26]<http://xds.mpimf-heidelberg.mpg.de/>Phenix[@bib1]<https://www.phenix-online.org/>CNS[@bib6]<http://structure.usc.edu/cns/about_cns/frame.html>Coot[@bib12]<https://www2.mrc-lmb.cam.ac.uk/personal/pemsley/coot/>AMBER 14[@bib10]<http://ambermd.org/>ImageJ[@bib38]<https://imagej.nih.gov/ij/>Real Time PCR Miner[@bib51]<http://ewindup.info/miner/>**Other**pRSFDuet-CPDOh LabN/ApJK-CPDOh LabN/A

Contact for Reagent and Resource Sharing {#sec4.2}
----------------------------------------

Further information and requests for reagents may be directed to, and will be fulfilled by the Lead Contact, Stephan Gruber (<stephan.gruber@unil.ch>).

Experimental Model and Subject Details {#sec4.3}
--------------------------------------

### *Bacillus subtilis* Strains and Growth {#sec4.3.1}

*B. subtilis* strains are derived from the isolate 1A700 (BGSC, Bacillus Genetic Stock Centre). Strain usage for the reported experiments is listed in [Table S1](#mmc1){ref-type="supplementary-material"}. Transformation of naturally competent *B. subtilis* cells was performed following a 2-step starvation protocol previously described ([@bib8]) with extended growth and starvation periods for high-efficiency transformation of *smc* mutant strains. Cells were grown overnight in 10 mL competence medium composed of SMM solution (15 mM ammonium sulfate, 80 mM dipotassium hydrogen phosphate, 44 mM potassium dihydrogen phosphate, 3.4 mM trisodium citrate, 0.8 mM magnesium sulfate 6 g l^-1^ potassium hydrogen phosphate) supplemented with 5 g l^-1^ glucose, 20 mg l^-1^ tryptophan, 20 mg l^-1^ casamino acids, 6 mM magnesium sulfate and 110 mg l^-1^ ferric ammonium citrate. 600 μL were diluted into 10 mL fresh competence medium for 5 hr at 37°C. 10 mL of prewarmed starvation medium (SMM solution supplemented with 5 g l^-1^ glucose and 6 mM magnesium sulfate) was added. After 2 hr at 37°C, cells (100 μl) were mixed with DNA and incubated for 3 hr at 37°C in a 96-well plate. Transformants were selected by plating on Oxoid nutrient agar (ONA) or SMG agar supplemented with 0.4 mg ml^-1^ erythromycin and 10 mg ml^-1^ lincomycin.

Method Details {#sec4.4}
--------------

### Protein Turnover Measurements {#sec4.4.1}

His-tagged versions of *Bs*SmcH-CC8 and *Bs*SmcH-CC300 proteins harboring single or double cysteines for cross-linking were purified by metal-affinity chromatography and gel filtration essentially as described previously for corresponding constructs lacking cross-linking cysteines ([@bib40]). However, *E. coli* cell extracts were prepared by a swing mill rather than sonication. Equal volumes of protein solution (at equal concentration in 50 mM Tris-HCl pH 7.4, 200 mM NaCl, 1 mM TCEP) were mixed on ice and then incubated at 37°C. Aliquots were taken at the indicated time points and mixed on ice with BMOE to a final concentration of 200 μM. After 1 min, the cross-linking reaction was quenched by the addition of 24 mM 2-Mercaptoethanol and proteins denatured by heating in SDS loading buffer. Samples were analyzed by SDS-PAGE and on an Agilent 2100 Bioanalyzer using the Protein 230 Chip kit per manufacturer's instruction.

### High-Throughput Allelic Replacement Screening {#sec4.4.2}

Smc(Cys) mutations were generated in high-throughput essentially as described for Smc gene truncations ([@bib9]). PCR primers were designed for Smc coiled coil residues except for those predicted to occupy heptad positions 'a' and 'd' ([Table S4](#mmc2){ref-type="supplementary-material"}). PCR reactions for 5′- and 3′-regions of the *smc* gene were performed in 96-well plates using Phusion Hot Start II DNA Polymerase. DNA was purified in NucleoFast 96 PCR plates and quantified using Quant-iT fluorescence spectroscopy. Circular targeting constructs were assembled in Golden Gate reactions using BsaI and T4 DNA ligase with cloned and sequence verified modules for the downstream ftsY gene (pSG849), an ermB marker cassette (pSG682), a downstream homology region (pSG841), and a non-replicating plasmid backbone containing a mazF toxin gene (pSG1525) ([Figure S2](#mmc1){ref-type="supplementary-material"}A). The mazF gene was used to efficiently counter-select single-crossover integration. Reaction mixtures were transformed into a *smc* deletion strain (BSG1919). Transformants were selected on Oxoid nutrient agar (ONA) with 0.4 mg/mL erythromycin and 10 mg/mL lincomycin at 37°C. Plates were transferred to 4°C 36 hr after transformation and a single colony was randomly picked for cysteine cross-linking as described below. Please note that the strains obtained by HTP engineering were not confirmed by sequencing. Most clones were successfully regrown after extensive periods of incubation on agar plates at 4°C and subsequently stored as glycerol stocks ([Table S4](#mmc2){ref-type="supplementary-material"}).

### In Vivo Cysteine Cross-Linking {#sec4.4.3}

Cross-linking experiments were performed in cells grown in liquid SMG medium as described previously ([@bib8], [@bib40]). For HTP cysteine cross-linking the protocol was adapted for growth of cells in liquid LB Miller medium. Briefly, cells bearing the cysteine mutation and a Smc-HaloTag fusion were grown to mid-exponential phase (OD~600~ of 0.4) in a 96-deep well plates, harvested by centrifugation and resuspended in ice-cold PBS with 0.1% glycerol (PBSG). Thiol-reactive cross-linker bismaleimidoethane (BMOE) was added to a final concentration of 0.5 mM from a 20 mM stock in DMSO followed by an incubation of 10 min on ice. Any remains of the cross-linking agent were quenched by the addition of 2-mercarptoethanol (2-ME) to a final concentration of 14 mM. Samples were incubated on ice for 10 min. Cell suspensions were incubated for 15 min at 37°C in PBSG buffer containing protease inhibitor cocktail, benzonase or SmDNase, Ready-Lyse lysozyme solution and 15 μM HaloTag-TMR substrate. Samples were heated to 95°C for 5 min in LDS Sample buffer, loaded onto Tris-Acetate gels (3%--8% Novex) and run for 2.5 hr at 35 mA per gel at 4°C. Gels were scanned on a Typhoon FLA-9500 scanner (GE healthcare) with Cy3 DIGE filter setup. Bands intensities were quantified in ImageJ with background correction.

### Protein Production {#sec4.4.4}

#### *Bs*SmcCC1 and *Bs*SmcCC2 {#sec4.4.4.1}

The *Bs*SmcCC1 (*Bs* Smc (188-253)/SGGSGGS/(922-1011)) and *Bs*SmcCC2 fragments (*Bs* Smc (246-379)/SGGSGGS/(793-929)) were cloned in pET-22b vector with an N-terminal His6 purification tag followed by a TEV protease cleavage site. Proteins were expressed in *E.coli* BL21\[DE3\] cells using an auto-induction medium for native proteins ([@bib42]) and minimal medium for selenomethionylated proteins.

The purification protocol is similar for both constructions. Cells were resuspended in a lysis buffer (200mM NaCl, 50mM Tris pH 7.4, 5mM Imidazole) and lysed by sonication. After high speed centrifugation (40000 g, 1h), soluble fraction was injected on a His-Trap column (GE Healthcare). After extensive washes with lysis buffer, the protein was eluted using an elution buffer (200mM NaCl, 50mM Tris pH 7.4, 250mM Imidazole). After concentration of the protein and buffer exchange on a MonoQ column (GE Healthcare), TEV protease was added. Uncut protein was removed by application of the sample on a HisTrap column and injected on a HiLoad 16/60 Superdex 200 gel filtration column equilibrated in a buffer containing 200mM NaCl and 25mM Tris pH 7.4. Selected fractions were pooled and concentrated on Vivaspin Turbo 15 (Sartorius).

#### *Py*SmcHd-CC80 {#sec4.4.4.2}

*Py*SmcHd-CC80 (residues 1-254, 907-1177 and a SGGS linker) was expressed in the *E. coli* BL21(DE3) RIPL strain (Novagen) as a fusion protein connected to a cysteinyl protease domain (CPD)-10xHis tag at the C terminus. Bacterial cell lysates were prepared by sonication in Buffer A (20 mM Tris-HCl pH 7.5, 50 mM NaCl and 1 mM NaN~3~) containing 5 mM β-mercaptoethanol (β-ME). The supernatant was applied to a gravity flow column filled with HisPur cobalt resin (Thermo). The CPD-His~10~ tag was removed by on-gel digestion by addition of 0.1 mM phytate, and *Py*SmcHd-CC80 was eluted from the column with Buffer A. The protein was further purified with a HiTrap Q anion exchange column (GE Healthcare) and a HiLoad 26/60 Superdex 200 gel filtration column (GE Healthcare), equilibrated with Buffer A containing 1 mM DTT.

#### *Py*SmcCC3 {#sec4.4.4.3}

*Py*SmcCC3 (residues 345-468, 694-814 and a SGGS linker) was expressed in the *E. coli* BL21(DE3) RIPL strain (Novagen) as a fusion protein connected to a CPD-10xHis tag at the C terminus. The protein was purified in the same manner as used for *Py*SmcHd-CC80.

#### *Bs*SmcHd(EQ)-CC30:ATP--ScpA^C^ {#sec4.4.4.4}

*Bs*SmcHd(EQ)-CC30 (residues 1-219/SGGS linker/975-1186, E1118Q mutation) and *Bs*ScpA^C^ (residues 167-251) were co-expressed in the pRSFDuet CPD-10xHis plasmid in the *E. coli* BL21 (DE3) strain at 18°C. From this vector, *Bs*SmcHd(EQ)-CC30 was expressed as a fusion protein with a CPD-10xHis tag at the C terminus. Cell lysates were prepared by sonication in buffer B composed of 20 mM Tris-HCl pH 7.5 and 100 mM NaCl. The *Bs*SmcHd(EQ)-CC30--ScpA^C^ heterodimer was purified by using HisPur Cobalt resin (Thermo Scientific) and a HiTrap Q anion exchange column (GE Healthcare) operated with a linear NaCl gradient (50-500 mM) in buffer B. Purified complex was incubated with 5 mM MgCl~2~ and 2 mM ATPγS tetralithium salt (Li ATPγS) (Sigma-Aldrich) in Buffer B at 37°C for 30 min to induce dimerization of *Bs*SmcHd(EQ)-CC30--ScpA^C^. This sample was loaded on a HiLoad Superdex 200 gel filtration column (GE Healthcare) and the complex was eluted with Buffer B containing additional 5 mM MgCl~2~. The purified complex was concentrated to 20 mg/ml and treated with 2 mM Li ATPγS.

### Crystallization, X-ray Data Collection, and Structure Determination {#sec4.4.5}

Crystallographic data statistics are summarized in [Table S2](#mmc1){ref-type="supplementary-material"}.

#### *Bs*SmcCC1 and *Bs*SmcCC2 {#sec4.4.5.1}

The *Bs*SmcCC2 (25mg/mL) crystals grew at 4°C in a condition containing 8%--14% PEG 3350, 50mM Tris pH8, 4% MPD and 200mM Calcium Acetate and the *Bs*SmcCC1 (26 mg/mL) crystals grew at 10°C in a condition containing 27%--30% PEG 3350, 50mM Tris pH8, 6%--10% MPD and 160-200mM Ammonium Acetate. In both cases the hanging-drop vapor diffusion technic was used. The crystals were flash frozen in the crystallization solution supplemented with 30% Ethylene Glycol. SAD datasets were collected at 3.0Å resolution for *Bs*SmcCC2 at SLS PXII (Villigen, Switzerland) and for *Bs*SmcCC1 at 1.9Å for native dataset and 2.4 Å for SeMet dataset at DESY P11 (Hamburg, Germany) ([Table S1](#mmc1){ref-type="supplementary-material"}). Data were processed with XDS ([@bib26]). *Bs*SmcCC2 crystallizes in P1 space group with tetartohedral twinning ([@bib37]). Heavy atoms sites and initial density map were calculated using SHELX ([@bib39]). Automatic building was performed using PHENIX *autobuild* ([@bib1]). For *Bs*SmcCC1, the initial model calculated with SeMet dataset was used as a search model for molecular replacement in the native dataset. The models were manually reconstructed using Coot ([@bib12]) and further refined using PHENIX *refine* with twinning operators (-h, k, -l) for the *Bs*SmcCC2 structure ([@bib1]).

#### *Py*SmcHd-CC80 {#sec4.4.5.2}

Crystals of *Py*SmcHd-CC80 grew in a precipitant solution containing 4% Tacsimate buffer pH 4.0 (Hampton) and 7% PEG3350 (Hampton) at 22°C. Crystals were soaked briefly in a cryo-protectant containing 70% Tacsimate buffer pH 4.0 and flash cooled in liquid nitrogen before crystal mounting. The structure of *Py*SmcHd-CC80 was determined by molecular replacement using the structure of *Pf*Smc-CC25--ScpA^C^ (PDB: [5XNS](pdb:5XNS){#intref0110}) as a search model with the program PHENIX ([@bib1]). The final refined model does not include *Py* Smc residues 239-254, 907-916, 939-940 and 1164-1169, whose electron densities were missing or too weak.

#### *Py*SmcCC3 {#sec4.4.5.3}

*Py*SmcCC3 (24 mg/ml) crystallized in a precipitant solution containing 0.18 M HEPES (pH 7.0) and 49% (+/−)-2-Methyl-2,4-pentanediol (MPD) at 20°C. Crystals were flash cooled in liquid nitrogen before crystal mounting. The crystal contained one molecule of *Py*SmcCC3 in the asymmetric unit. The crystal structure of *Py*SmcCC3 was determined by molecular replacement using the polyalanine-substituted coordinate of the coiled coil portion (residues 446-498, 663-712) of *Pf* Smc hinge dimer ([@bib40]) as a search model with the program PHENIX ([@bib1]).

#### *Bs*SmcHd(EQ)-CC30:ATPγS--ScpA^C^ {#sec4.4.5.4}

Crystals of the *Bs*SmcHd(EQ)-CC30:ATPγS--ScpA^C^ complex grew in a precipitant solution containing 10% PEG3000, 0.1 M imidazole pH 8.0, 0.2 M Li~2~SO~4,~ and 0.05 M hexamine cobalt (III) chloride. The asymmetric unit of the crystal contained one molecule of dimerized *Bs*SmcHd(EQ)-CC30:ATPγS--ScpA^C^. The structure of the complex was determined by molecular replacement using the structure of the head domain of *Pf* Smc (PDB entry: [1XEX](pdb:1XEX){#intref0115}) ([@bib29]). The final refined model does not include *Bs*Smc residues 16, 50-56, 60, 110, 130-133, 136, 204-219, 975-990, 1066-1067, 1080, 1084 and 1178-1186 in chain A, 25, 51-57, 133, 136, 198-219, 975-989, 994, 1066, 1069 and 1178-1186 in chain B and *Bs*ScpA^C^ residues 167-175, 208-210, 246-251 in chain C, 167-178, 191-197, 207-210, 229, 242-251 in chain D. The electron densities for these residues were missing or too weak. X-ray data were collected on either the Beamline 5C at the Pohang Accelerator Laboratory or the BL5A at the Photon Factory. Iterative model building and structure refinement were performed using the program *CNS* ([@bib6]).

### Energy Minimization Calculation for the Ring-Shaped *Pf* Smc Dimer {#sec4.4.6}

We performed energy minimization for the open ring form of the *Pf* Smc dimer in gas phase by using SANDER module of AMBER 14 package with the FF14SB protein force field. The system was energy-minimized for 5,000 steps of the steepest descent minimization to remove strains. The non-bonded interactions were calculated by using the cutoff value of 12 Å.

### Chromatin Immunoprecipitation {#sec4.4.7}

ChIP-qPCR was performed essentially as described in ([@bib34]) and ([@bib9]). Cultures of 400 mL SMG were inoculated to OD~600~ = 0.004 and grown to OD~600~ = 0.02 at 37°C. Cells were fixed by addition of 40 mL of buffer F (50 mM Tris-HCl pH 7.4/24°C, 100 mM NaCl, 0.5 mM EGTA pH 8.0/24°C, 1 mM EDTA pH 8.0/24°C, 10% Formaldehyde) and incubation for 30 min at room temperature. Cells were harvested by filtration and washed in PBS. Cells were re-suspended in 1 mL TSEMS (50 mM Tris pH 7.4/24°C, 50 mM NaCl, 10 mM EDTA pH 8.0/24°C, 0.5 M sucrose, protease inhibitor cocktail) containing 20 mg/mL lysozyme. Protoplasting was done by shaking at 37°C for 30 min. Protoplasts were washed once in 2 mL TSEMS, re-suspended in TSEMS, split into aliquots corresponding to 1ml at OD~600~ = 2 and pelleted. Pellets were frozen in liquid nitrogen and stored at −80°C.

Pellets were re-suspended in 2 mL buffer L (50 mM HEPES-KOH pH 7.5/24°C, 140 mM NaCl, 1 mM EDTA pH 8.0/24°C, 1% Triton X-100, 0.1% Na-deoxycholate) containing 0.1 mg/mL RNase A and protease inhibitor cocktail and transferred into 5 mL round bottom tubes. The suspension was sonicated 3x for 20 s on a Bandelin Sonoplus sonicator using a MS-72 tip with 90% pulse time and 35% power output. The extract was centrifuged at 4° and 20,000 × g and 200 μL were kept as input reference. For immunoprecipitation, 800 μL of the extract were loaded on 50 μL Dynabeads Protein-G charged with 50 μL Anti-Smc antiserum and incubated for 2 hr on a rotating wheel at 4°C. Beads were washed at room temperature in 1 mL each of buffer L, buffer L5 (buffer L containing 500 mM NaCl) and buffer W (10 mM Tris-HCl pH 8.0/24°C, 250 LiCl, 0.5% NP-40, 0.5% Na-Deoxycholate, 1 mM EDTA pH 8.0/24°C). Beads were resuspended in 520 μL buffer TES (50 mM Tris-HCl pH 8.0/24°C, 10 mM EDTA pH 8.0/24°C, 1% SDS). The reference sample was mixed with 300 μL buffer TES and 20 μL 10% SDS. Cross-links were reversed over-night at 65°C with shaking.

For phenol/chloroform extraction, 500 μL samples and reference samples were cooled to room temperature, vigorously mixed with 500 μL phenol equilibrated with buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA) and centrifuged for 10 min at 20,000 × g. Then, 450 μL of the supernatant was vigorously mixed with 450 μL chloroform and centrifuged for 10 min at 20,000 × g. For DNA precipitation, 400 μL of the supernatant were mixed with 3 μL GlycoBlue, 40 μL of 3 M Na-Acetate pH 5.2/24°C and 1 mL ethanol and incubated for 20 min at −20°C. Samples were centrifuged at 4°C and 20,000 × g for 10 min, and the precipitate was dissolved in 150 μL TE buffer (10mM Tris-HCl pH8.0, 1mM EDTA pH8.0) for 15 min at 55°C, purified with a PCR purification kit, and eluted in 30 μL buffer EB.

For qPCR, samples were diluted in water (1:10 for IP and 1:500 for input), and duplicate 10 μL reactions (5 μL master mix, 1 μL of 3 μM primer mix, 4 μL sample) were run in a Rotor-Gene Q device using qPCR MasterMix using primer pairs described in Bürmann et al., 2017 and listed in [Table S3](#mmc1){ref-type="supplementary-material"}.

### Colony Formation Assay {#sec4.4.8}

Cells were pre-grown in a 96-well plates in SMG medium for 24 hr at 37°C ([@bib34]). Overnight cultures were diluted 81-fold (high density spots) and 59049-fold (low density spots) and spotted onto ONA (5 μL per spot) and SMG (7.5 μL per spot) agar plates. Plates were incubated at 37°C for 14 hr on ONA or 24 hr on SMG.

Quantification and Statistical Analysis {#sec4.5}
---------------------------------------

### Analysis of Cross-Linking Efficiencies {#sec4.5.1}

HaloTag-TMR and HaloTag-OG in-gel fluorescence was quantified with ImageJ 1.49v software using the built-in gel-analyzer function ([@bib38]). Briefly, relative band intensities (fraction of cross-linked protein) were calculated using a graphical method that involves generating lane profile plots, manually delineating peaks of interest, and then integrating peak areas. Two biological replicates (with three technical replicates each) were used to calculate mean and standard deviation reported in the corresponding figures and tables (except for the HTP screen ([Figure 2](#fig2){ref-type="fig"}A) where single measurements are reported).

### Analysis of Chromatin-Immunoprecipitation Efficiencies {#sec4.5.2}

*C*~*T*~ values were extracted from qPCR curves by automatic fitting using the online software *Real-time PCR miner* ([@bib51]). ChIP/input ratios were calculated as α 2^Δ*CT*^, where Δ*C*~*T*~ = *C*~*T*~ (Input) -- *C*~*T*~ (ChIP) and α is given by the extraction volumes and sample dilutions. All data are derived as mean of duplicate qPCR reactions. Means and standard deviations for ChIP efficiencies were calculated from three biological replicates ([Figure 6](#fig6){ref-type="fig"}F).

Data and Software Availability {#sec4.6}
------------------------------

The coordinates of the structures together with the structure factors are deposited at the Protein Data Bank. Accession codes are available in the [Key Resources Table](#sec4.1){ref-type="sec"}. Original data is available at Mendeley: <http://dx.doi.org/10.17632/c2nmr3yhnp.1>.
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